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ABSTRACT 
ERCC1-XPF is a structure-specific endonuclease that is required for the repair of DNA lesions, generated by the widely used platinum-containing cancer chemotherapeutics such as cisplatin, through the Nucleotide Excision Repair and Interstrand Crosslink Repair pathways. Based on mouse xenograft experiments, where ERCC1-deficient melanomas were cured by cisplatin therapy, we proposed that inhibition of ERCC1-XPF could enhance the effectiveness of platinum-based chemotherapy. Here we report the identification and properties of inhibitors against two key targets on ERCC1-XPF. By targeting the ERCC1-XPF interaction domain we proposed that inhibition would disrupt the ERCC1-XPF heterodimer resulting in destabilisation of both proteins. Using in silico screening, we identified an inhibitor that bound to ERCC1-XPF in a biophysical assay, reduced the level of ERCC1-XPF complexes in ovarian cancer cells, inhibited Nucleotide Excision Repair and sensitised melanoma cells to cisplatin. We also utilised high throughput and in silico screening to identify the first reported inhibitors of the other key target, the XPF endonuclease domain. We demonstrate that two of these compounds display specificity in vitro for ERCC1-XPF over two other endonucleases, bind to ERCC1-XPF, inhibit Nucleotide Excision Repair in two independent assays and specifically sensitise Nucleotide Excision Repair-proficient, but not Nucleotide Excision Repair-deficient human and mouse cells to cisplatin.


1. Introduction
Either alone or in combination with other drugs the platinum-containing compounds, cisplatin, carboplatin and oxaliplatin, are the current mainstays of systemic therapy for many of the commonest cancer types: small cell and non-small cell lung cancer, aerodigestive, lower gastrointestinal, gynaecologic and genitourinary malignancies. In addition, they are important treatments in sub-sets of patients with breast cancer, non-Hodgkin’s lymphoma and childhood malignancies. Although novel molecular targeted therapies are often incorporated into modern treatment algorithms, the mainstay of systemic treatment for the majority of patients is likely to continue to be cytotoxic chemotherapy for the foreseeable future.
For instance, ovarian cancer is the 5th most common cause of female cancer and the 4th most common cause of female cancer death in the UK, with 7116 new cases in 2011 and 4271 deaths in 2012 [1]. 75% of patients present with stage III or IV disease and, although 70-80% initially respond to surgery and platinum-based chemotherapy, in the vast majority platinum-resistant disease ultimately arises and subsequent survival is short. The ability to enhance platinum sensitivity would be a huge advantage, both in terms of increasing the efficacy of first line chemotherapy and also in terms of inducing further remissions in the setting of relapsed disease. 
Over the last 30 years the global incidence of melanoma has increased faster than any other form of cancer. It is now the second most common cancer amongst young adults in the UK [1]. Global incidence in 2009 was 134,000, and is predicted to increase to 165,000 by 2016. Early surgical removal of primary tumours is an effective treatment, but chemotherapeutics such as cisplatin are ineffective (5 year survival with the standard chemotherapeutic for melanoma, dacarbazine, is <15%). Although BRAF inhibitors, immunotherapies, and new combination therapies offer exciting prospects for improved survival, it is already clear that the development of resistance is a major problem and that there remains a need for additional effective melanoma therapy [2].
Platinum based chemotherapeutics, such as cisplatin, result in several forms of DNA damage. Bulky lesions and intrastrand crosslinks are removed by Nucleotide Excision Repair (NER). Interstrand Crosslinks (ICLs), which are more toxic and so more effective therapeutically, are removed by Interstrand Crosslink Repair (ICR) utilising a combination of endonucleolytic cleavage, homologous recombination and translesion synthesis.
The ERCC1-XPF structure-specific DNA repair endonuclease is involved in the removal of platinum-DNA adducts. Data from a number of studies suggest that it is a promising target in melanoma, ovarian, lung and a range of other cancers [3]. ERCC1-XPF is essential for NER and is also involved in the endonucleolytic cleavage step in ICR.  In tumours, such as non-small cell lung carcinoma [4–6], squamous cell carcinoma [7,8] and ovarian cancer [9], high ERCC1 expression has been linked in some studies with poor response to chemotherapy. In contrast, testicular cancers show low ERCC1 expression and can be effectively cured with cisplatin [10]. Furthermore, depletion of ERCC1-XPF with siRNA increases sensitivity to cisplatin in ovarian [11], non-small cell lung [12] and breast cancer [13] cell lines. Melanoma cells deficient in ERCC1 were 10-fold more sensitive to cisplatin than isogenic ERCC1-proficient cells and, using a mouse xenograft model, we showed that ERCC1-deficient melanoma can be cured by cisplatin therapy [14]. These observations led us to conclude that inhibition of ERCC1-XPF could be therapeutically advantageous in the treatment of cancers with chemotherapy [3]. 
ERCC1 is a 297 amino acid protein with a central domain which interacts with both DNA and the XPA protein [15,16], and a helix-hairpin-helix (HhH2) domain essential for heterodimerization with XPF [15,17,18]. XPF (FANCQ) protein, at 916 amino acids, comprises of helicase-like [19–21], nuclease [22], and helix-hairpin-helix (HhH2) domains [15,17,18]. The three most attractive targets on the ERCC1-XPF complex are the XPA-binding domain required for recruitment to the NER complex, the ERCC1-XPF heterodimerization domain required for stability, and the XPF endonuclease domain which is required for all known roles of ERCC1-XPF [3]. 
Despite widespread interest in ERCC1-XPF as a target, specific inhibitors have remained elusive. Interaction of the non-specific PK-C inhibitor, UCN-01, with ERCC1 Tyr residues within the ERCC1/XPA interaction site was reported to attenuate recruitment of ERCC1 to NER [23,24]. A synthetic peptide inhibitor of the ERCC1/XPA interaction was also designed that mimicked the interacting XPA region [16]. Small molecule inhibitors for the ERCC1/XPA interaction  with activity against lung and colorectal cancer cell lines were then reported [24,25]. More recently an in silico drug screen has yielded inhibitors of the ERCC1-XPF interaction domain that, at very high concentration, can apparently disrupt ERCC1-XPF complex stability in cell lysates [26]. However, the potency and specificity of these inhibitors requires much improvement.
Here we design and deploy assays to identify small molecule interaction and active site inhibitors of the ERCC1-XPF structure-specific endonuclease and characterise their activity and specificity in in vitro assays and in cancer cells. 

2. Materials and methods
2.1. Expression and purification of recombinant ERCC1-XPF proteins
Synthetic DNA sequences encoding human ERCC1 codons 96-297 (ΔERCC1) and XPF codons 667-916 (ΔXPF), codon-optimised for E. coli expression (GeneArt,  Life Technologies Ltd., Paisley, UK), were cloned as BamHI-EcoRI fragments into separate pET-28a KanR expression vectors with N-terminal His-tags (Novagen, Merck Ltd., Nottingham, UK). Expression was in BL21 Star (DE3) E. coli. Details of the methods used to express and purify ΔERCC1-ΔXPF and separate ΔERCC1 and ΔXPF proteins are given in Supplementary Materials and Methods. A near full-length His-tagged version of human ERCC1-XPF (ERCC1 1-297, XPF 12-916) was also expressed from plasmid ERCC41 [27] and purified as described [28].
2.2. In silico screens 
Searches for ERCC1-XPF interaction inhibitors and inhibitors of the active site of the XPF endonuclease domain were carried out as described in Supplementary Materials and Methods. First, our entire virtual library (>106 compounds) was screened using a fast docking code to elucidate a pharmacophore. This was then used to prioritise promising molecules for a second round of more accurate and computationally more expensive docking processes.
2.3. BIAcore SPR analysis 
Kinetics of ΔERCC1 and ΔXPF interaction and screening for ERCC1-XPF interaction inhibitors were performed using the method developed by Wear et al. [29]. Details are given in Supplementary Materials and Methods. 
2.4. Thermal denaturation assay
Details of the thermal denaturation assay to detect interaction of compounds with ΔERCC1-ΔXPF, by a change in the transition melting temperature of the protein, are given in Supplementary Materials and Methods. 
2.5. In vitro ERCC1-XPF endonuclease assay
Details of the in vitro ERCC1-XPF endonuclease assay and the method to visualise cleavage products are given in Supplementary Materials and Methods.
2.6. In vitro DNase I and FEN1 assays
Details are given in Supplementary Materials and Methods.
2.7. Proximity ligation assay
Details of the PLA assay are given in Supplementary Materials and Methods.
2.8. Cell culture toxicity and cisplatin enhancement assays
Compound screening on A375 human melanoma cells was carried out as described in Supplementary Materials and Methods.
2.9. NER assays
Details of the transfection-based assay developed to monitor inhibition of NER in A375 melanoma cells and of the ELISA assay to monitor repair of cyclobutane pyrimidine dimers are given in Supplementary Materials and Methods.
2.10. Determination of ERCC1 and XPF protein levels in cultured cells
Western blotting was performed as described [14]. Protein extraction and antibody details are given in Supplementary Materials and Methods.

3. Results
3.1. Expression of recombinant ERCC1-XPF proteins
In order to develop an in vitro endonuclease assay to monitor inhibition of ERCC1-XPF, it was first necessary to express and purify recombinant ERCC1-XPF proteins. The domain structure of the human ERCC1 and XPF proteins is shown in Figure 1A. N-terminal His-tagged truncated versions of ERCC1 (residues 96-297, containing the central and HhH2 domains) and XPF (residues 667-916, containing the endonuclease and HhH2 domains) were constructed to express ΔERCC1-ΔXPF in E. coli. This truncation has previously been shown to have activity in an ERCC1-XPF endonuclease assay [15]. For comparison, a plasmid expressing a full-length His-tagged version of ERCC1-XPF was also used [27]. After induction and purification, ΔERCC1-ΔXPF protein with a size determined by gel filtration chromatography that matched the predicted Mr of 57.72 kDa, at >95% purity and with a yield of ~10 mg/l of culture was obtained (Figure 1B and C). In comparison, full-length ERCC1-XPF protein, with a size by gel filtration chromatography that matched the predicted Mr of 151 kDa, at >90% purity, but with a yield of only ~50 µg/l of culture was obtained (Figure 1B). Similar low yields of full-length ERCC1-XPF from the same plasmid have been reported previously [28].
3.2. Validation of in vitro ERCC1-XPF endonuclease assay for ΔERCC1-ΔXPF protein
An in vitro ERCC1-XPF endonuclease assay suitable for high throughput screening was established using the standard stem-loop DNA substrate originally used in a radiolabelled assay [15,30], but modified to incorporate a 5′ fluorescein label (6-FAM) and a 3′ Black Hole Quencher (BHQ-1). Upon ERCC1-XPF cleavage, a 10 nt 5′ FAM-labelled product is released resulting in a fluorescent signal (Supplementary Figure 1A). An equivalent assay has been described previously [28]. Under standard reaction conditions we estimated that the full length ERCC1-XPF protein was 15-fold more active than the truncated form (Supplementary Figure 1B and C). A similar difference between this truncation and full-length ERCC1-XPF has been reported previously [15]. Importantly, visualisation of substrate products from both ERCC1-XPF and ΔERCC1-ΔXPF reactions (Figure 1D) showed the expected 10 nt product resulting from cleavage 2 nt upstream of the ds- to ss-DNA junction [15,28]. Although the increased activity was desirable, given the very low yields of purified ERCC1-XPF, the ΔERCC1-ΔXPF protein with the characteristic structure-specific endonuclease activity of ERCC1-XPF was used for all high throughput screening and inhibitor studies described here.
To demonstrate compound inhibition of this assay, we used the non-specific nuclease inhibitor aurintricarboxylic acid (ATA), which inhibited ΔERCC1-ΔXPF with an IC50 of 0.81 µM (Supplementary Figure 2A). In agreement with literature, ATA also inhibited a bovine DNase I assay with an IC50 of 6.6 µM (Supplementary Figure 2B) [31,32] and a recombinant human Flap endonuclease 1 (FEN1) assay with an IC50 of 1.8 µM (Supplementary Figure 2C) [33]. FEN1, a related endonuclease to ERCC1-XPF, but with a different structure-specificity, was chosen to provide a strong test of the specificity of our ERCC1-XPF inhibitors.
3.3. Identification of ERCC1-XPF interaction inhibitors
3.3.1. In silico screen
We sought to identify inhibitors of the interaction between ERCC1 and XPF helix-hairpin-helix (HhH2) domains, thereby disrupting heterodimer stability and so enhancing sensitivity to platinum-based chemotherapeutics. Previously we identified the ERCC1 Phe293 pocket on XPF (Figure 2A) as a prospective target [3]. From the ERCC1-XPF HhH2 crystal structure (PDB 2A1J) [15] we identified two further interaction sites on XPF where ERCC1 Ile264 and Cys238 residues make contact.  We then performed in silico screens targeting the Phe293 or Ile264 pockets, and pairwise pocket combinations. The 29 top-ranked compounds (Supplementary Table 1) were investigated for activity in vitro. The ERCC1-XPF endonuclease assay was considered inappropriate for interaction inhibitors since it uses a preformed complex which, it was reasoned, would be much harder for an interaction inhibitor to disrupt than prevent from forming. Instead, evidence of physical binding to the XPF target was sought.
3.3.2 Validation by BIAcore SPR analysis 
We first expressed recombinant ΔERCC1 and ΔXPF separately and determined the kinetic parameters for their interaction. The affinity of the ΔERCC1-ΔXPF interaction was 4.6 nM (Figure 2B), with apparent on- and off-rate constants indicating that complex recognition is rapid and that stable complex formation occurs with a long half-life of 120-150 s. This suggests interaction is specific, tight and that once complex formation occurs in cells, it is unlikely to dissociate in an unregulated manner. To demonstrate activity of ERCC1-XPF interaction inhibitors, compounds were screened at 100 µM against ΔXPF protein linked to the SPR surface. Interaction with XPF was determined relative to the control surface with responses corrected for molecular weight. If interaction was observed, a concentration series was then performed. Of the compounds from the in silico screens purchased for validation, 4 bound specifically to ΔXPF. Steady-state analysis gave Kd values of 17.8, 275, 537 and 200 µM for E-X PPI1 to 4 (ERCC1-XPF protein-protein interaction inhibitors 1 to 4), respectively, with stoichiometric ratios for XPF binding of n ~1:1, 1:2, 1:2 and 1:3, respectively. The predicted binding pose for E-X PPI2, which targets the Phe293 & Cys238 pockets, is shown in Figure 2C. Aurintricarboxylic acid (ATA) could not be used as a positive control as this bound irreversibly to ΔXPF at super-stoichiometric ratios (n~1:40). 
3.4. Activity of ERCC1-XPF interaction inhibitor E-X PPI2 in cancer cells
3.4.1. Inhibition of Nucleotide Excision Repair in melanoma cells
A transfection-based assay was established in A375 melanoma cells to measure NER of UV-damaged plasmid DNA. UV was chosen as the damaging agent over cisplatin because all UVC-induced lesions are substrates for NER, while other repair pathways are also involved in the repair of some platinated DNA lesions. Cells were incubated with compounds for 24 h and then co-transfected with a UV-irradiated or undamaged GFP-expressing plasmid, together with a luciferase-expressing control plasmid. The level of UV-irradiation used in the assay was first calibrated using NER-proficient A375 and NER-deficient XP12RO cells to ensure that any expression from the irradiated GFP plasmid was due to repair rather than expression from any non-damaged plasmid DNA (see Supplementary Figure 3). 24 h after transfection the level of GFP and luciferase expression was measured and the GFP/luciferase ratio calculated. The luciferase signal provides a control for transfection efficiency and for any non-NER-related effects of the compounds. For each compound concentration, the effect of the compound on NER was determined by dividing the GFP/luciferase ratio for the damaged GFP plasmid by the same ratio for the non-damaged GFP plasmid. This value was then divided by the equivalent value for control cultures without any compound and plotted as % NER activity against compound concentration to obtain the IC50. Only E-X PPI2 from the 4 interaction inhibitor compounds, with an IC50 of 20 µM, showed activity in the NER assay (Figure 3A). This was the only interaction inhibitor that was investigated further.
3.4.2. E-X PPI2 enhances melanoma cell sensitivity to cisplatin
To further investigate ERCC1-XPF inhibitory activity in cell culture, we first determined the basic toxicity in A375 human melanoma cells in a growth assay. Then the ability of the compound, at concentrations less than the IC50, to sensitise the growth of melanoma cells to cisplatin was determined. While an ideal inhibitor would reduce the cisplatin IC50 by 10-fold as we observed for isogenic ERCC1-proficient and -deficient mouse melanoma cells [14], data using siRNA against ERCC1 or XPF show more modest 2-3-fold shifts in the cisplatin IC50 [12]. E-X PPI2 caused a small (1.3-fold) reduction in the cisplatin IC50 (Figure 3B).
3.4.3. Reduction in ERCC1-XPF heterodimer levels in ovarian cancer cells after E-X PPI2 treatment 
Heterodimerization is essential for ERCC1-XPF function and is believed to be required for the stability of both proteins. We used antibodies to ERCC1 and XPF in an in situ proximity ligation assay (PLA) to investigate whether E-X PPI2 could affect heterodimer levels. PLA signals (nuclear foci) are only generated if both proteins are in close contact. A2780 human ovarian cancer cells cultured for 5 days in the presence of 75 µM E-X PPI2 showed a significant 25% reduction in the number of nuclear PLA foci (p = 0.026, Figure 3C and Supplementary Figure 4A). A similar reduction in the level of ERCC1 and XPF proteins was seen by western blotting (Supplementary Figure 4B) and we conclude that this interaction inhibitor is indeed able to affect ERCC1-XPF heterodimer levels. 
3.5. Identification of ERCC1-XPF active site inhibitors
3.5.1. In silico screen
While no crystal structure is available for the human XPF endonuclease domain, a structure exists for an archaebacterial homologue (PDB 2BGW) [34] (Supplementary Figure 5A). A PHYRE-generated homology model [35] of human XPF was produced from this structure and used in the screen (Supplementary Figure 5B). The top 100 compounds from the final ranked list (described in Supplementary Materials and Methods) were purchased and investigated; 4 compounds showed reproducible activity in the in vitro ΔERCC1-ΔXPF assay. The predicted binding poses for two of these compounds, E-X AS1 (ERCC1-XPF active site inhibitor 1) and E-X AS2, are shown in Supplementary Figure 5C and D.
3.5.2. High throughput screen
A high throughput screen was performed with compounds at 20 µM in the ΔERCC1-ΔXPF assay. To ensure consistency, an ATA inhibitor control was included on each plate and an assay Z′ >0.4 was maintained [36]. A low hit rate was observed: of 101,440 compounds screened from the MRC Technology diversity library, 541 gave activity 3-fold less than the standard deviation, and the number was further reduced to 384 for compounds additionally showing <70% residual activity. Compounds were then subjected to a full IC50 determination, 87 resulted in inhibition with 49 showing an IC50 <200 µM and Hill slope <2. Following structural triage and removal of frequent hit compounds, 30 were re-screened in the ΔERCC1-ΔXPF assay, with 24 compounds reconfirming. To exclude non-specific nuclease inhibitors, the remaining compounds were screened for activity against DNase I and one was eliminated. Aggregating compounds were further excluded by testing inhibition in the presence of 10 times the normal concentration of enzyme under linear reaction conditions [37]. Two compounds with more than a ten-fold shift in the IC50 measured were excluded from further analysis. 
3.5.3. Hit confirmation by thermal denaturation assay
The lack of a positive control for BIAcore SPR analysis meant that instead we used a thermal denaturation assay for confirmation of active site inhibitor hits. Using 5 µM ΔERCC1-ΔXPF protein with the stem-loop substrate as a positive control, the transition melting temperature (Tm) of ΔERCC1-ΔXPF increased in a concentration-dependent manner by up to 3°C. At this maximum level, the substrate was present at 5 µM, consistent with predicted 1:1 stoichiometric binding (Supplementary Figure 6). Two of the four compounds from the in silico screen, E-X AS1 and E-X AS2, and 7 of the remaining 21 compounds from the high throughput screen, E-X AS3 to 9, gave an increase in transition melting temperature and so provided evidence of binding to target (Supplementary Table 2).
3.5.4. Specificity in in vitro endonuclease assays
The IC50 values for the remaining 9 active site inhibitor hits were determined in the ΔERCC1-ΔXPF endonuclease assay. In addition, compounds were screened against DNase I and FEN1 to investigate their specificity (Supplementary Table 2). The 2 active site inhibitors from the in silico screen (E-X AS1 and 2) showed good activity against ΔERCC1-ΔXPF, with no activity against the other endonucleases. E-X AS3 and 4, from the high throughput screen, showed good activity against ΔERCC1-ΔXPF, but were also active against FEN1. Although E-X AS5 was active against ERCC1-XPF, it was 100-times more active against FEN1. The structure of E-X AS5 is closely related to that of a previously described hit from a FEN1 inhibitor screen [38]. The remaining inhibitors from the high throughput screen, E-X AS6 to 9 were active against ΔERCC1-ΔXPF, but inactive against DNase I and FEN1. The structures of all the compounds in Supplementary Table 2 are shown in Supplementary Figure 7.
3.6 Structure activity relationships of inhibitors active against both ERCC1-XPF and FEN1
Given the structural similarity of compound E-X AS5 to known FEN1 inhibitors, four analogues were synthesised and tested to compare their structure activity relationships against ΔERCC1-ΔXPF and FEN1 (Table 1 and Supplementary Figure 7). Compounds E-X AS5-1 to E-X AS5-3 are described as highly potent FEN1 inhibitors [38] and it was found that these structural modifications led to gains in potency against ΔERCC1-ΔXPF compared with the initial hit E-X AS5, although they remained highly selective for FEN1. More encouragingly, E-X AS5-4 showed 4-fold increased activity against ΔERCC1-ΔXPF and 7-fold reduced activity against FEN1 compared with E-X AS5.
3.7. Activity of ERCC1-XPF active site inhibitors E-X AS5-4 and E-X AS7 in melanoma cells
Two of the active site inhibitors arising from the high throughput screen were selected for study of inhibitory activity in melanoma cells: E-X AS5-4 because it had a plausible mode of action through a metal-mediated interaction at the endonuclease active site and it also showed an encouraging improvement in specificity for ERCC1-XPF over FEN1 compared to the original hit, E-X AS5; and E-X AS7, which showed strong specificity for ERCC1-XPF in the biochemical assay and provided a metal-binding motif on an alternative molecular scaffold to E-X AS5, that was amenable to modification to remove unwanted features. 
3.7.1. Inhibition of Nucleotide Excision Repair
E-X AS5-4 (IC50 10 µM) and E-X AS7 (IC50 2 µM) both showed good activity in the transfection-based NER assay of UV-damaged plasmid DNA in A375 melanoma cells. We also investigated the activity of these active site inhibitors and the interaction inhibitor E-X PPI2 in an independent NER assay. All three compounds showed inhibition in an ELISA assay for the removal of UV-induced cyclobutane pyrimidine dimers (CPDs). 48 h after 15 Jm-2 of UVC, >80% of CPDs had been repaired in A375 melanoma cells, whereas no removal of CPDs had occurred in NER-deficient XP12RO cells (Figure 4A). For A375 cells incubated with 32 µM E-X AS5-4, only 20% of the CPDs had been removed (p =0.0006 compared to inhibitor-free cultures).  For A375 cells incubated with 4 µM E-X AS7, the inhibition of NER was lower but still significant, with twice the level of CPDs remaining compared to the non-treated control (p =0.048). Similar inhibition was also observed when A375 cells were incubated with 75 µM E-X PPI2, although the result just failed to achieve conventional significance (p = 0.057). 
Although all three compounds caused some slowing of the growth rate when A375 cells were treated for 5 days, flow cytometry showed that there were no substantial effects on the cell cycle profile or the levels of apoptosis (Supplementary Figure 8A and B). In addition, western blotting showed no evidence for any reduction in levels of ERCC1 and XPF proteins after treatment with the two active site inhibitors, E-X AS5-4 and E-X AS7 (Supplementary Figure 8C). We conclude that the ability of these three compounds to inhibit NER is most likely due to specific activity against ERCC1-XPF rather than to non-specific effects.
3.7.2. Inhibition of NER can be partially overcome by overexpression of ERCC1-XPF
If the strong inhibition of CPD removal by E-X AS5-4 is really due to a specific action against ERCC1-XPF, we reasoned that its action should be overcome by overexpressing the target. So, we transiently co-transfected A375 cells with plasmids expressing full-length human ERCC1 and XPF before repeating the ELISA assay for the removal of UV-induced CPDs in the presence of 32 µM E-X AS5-4. The extent of ERCC1-XPF overexpression achieved can be seen in Supplementary Figure 9. In this experiment 74% of CPDs remained 48 h after UV irradiation in the presence of the inhibitor. ERCC1-XPF overexpression resulted in a significant reduction in CPDs remaining to 43% (Figure 4B, p = 0.04), indicating that this inhibitor is indeed targeting ERCC1-XPF.
3.7.3. Specificity of action of active site inhibitors
We then investigated the specificity of action of E-X AS5-4 and E-X AS7 in a different way. If the ability of both compounds to enhance the sensitivity of NER-proficient A375 human melanoma cells to cisplatin is due to inhibition of ERCC1-XPF rather than to an off-target action, then no effect on the cisplatin sensitivity of NER-deficient cells should be observed. Since suitable immortalised human cells with complete deficiency in ERCC1 were not available, we used instead XP12RO, an immortalised NER-deficient cell line from a xeroderma pigmentosum complementation group A patient. We also used the PF20/PF24 mouse embryonic fibroblast cell line pair derived from ERCC1 knockout (PF24) and control (PF20) embryos. Based on IC50 values, XP12RO was 2.7 times more sensitive to cisplatin than A375, while PF24 was 5.6 times more sensitive than PF20. E-X AS5-4 enhanced the cisplatin sensitivity of A375 by 1.2-fold (p = 0.05) and of PF20 by 1.7-fold (p = 0.016), while having no effect on the cisplatin sensitivity of XP12RO (p = 0.1) and PF24 (p = 0.39) (Figure 5A and B). E-X AS7 had a greater effect on the repair-proficient cell lines, enhancing cisplatin sensitivity of A375 by 1.6-fold (p = 0.006), and PF20 by 2.1-fold (p = 0.002), again with no effect on repair-deficient XP12RO (p = 0.08), and PF24 (p= 0.53) (Figure 5C and D). Thus, both E-X AS5-4 and E-X AS7 showed the activity expected in cultured cells of a specific ERCC1-XPF inhibitor.
4. Discussion
Our in vitro endonuclease assay for ERCC1-XPF activity was based around a truncated version of the heterodimer (ΔERCC1-ΔXPF), which was expressed at 200-fold higher levels than the full length protein. While both full-length and ΔERCC1-ΔXPF proteins were active in the endonuclease assay, the full length protein was approximately 15-fold more active. When recombinant protein production was performed in baculovirus, rather than the E. coli system used here, it was estimated that the same ΔERCC1-ΔXPF protein was 60-fold less active than the full-length form [15]. More recently, no activity was observed from a similar truncation (ERCC1 1-297, XPF 640-916) and it was suggested that activity from the ΔERCC1-ΔXPF protein could be due to contaminating non-specific nuclease activity [28]. In our assay, using the highly purified ΔERCC1-ΔXPF protein, we observed the expected ERCC1-XPF substrate cleavage specificity, 2 nt upstream of the ss- ds-DNA junction and we concluded that the ΔERCC1-ΔXPF protein does indeed retain the characteristic structure-specific endonuclease activity of ERCC1-XPF and so was suitable for our inhibitor studies.
An initial in silico screening approach for ERCC1-XPF inhibitors identified compounds that bound to the XPA-interacting pocket of ERCC1. One compound, NERI01 (AB-00026258), enhanced by 2-fold the sensitivity of a human colon cancer cell line to UV irradiation, but had a much weaker effect on cisplatin sensitivity [24,25]. Since effective disruption of this interaction would only inhibit ERCC1-XPF recruitment to NER complexes, we would expect it to be insufficient to fully sensitise cancer cells to platinum-based chemotherapy where ERCC1-XPF is recruited for interstrand crosslink repair by an XPA-independent pathway [3]. We sought instead to discover inhibitors of the ERCC1-XPF interaction and XPF endonuclease domains, which are required for all known functions of ERCC1-XPF. 
In order to discover inhibitors of the ERCC1-XPF interaction domain, we targeted the deep pocket on the interacting surface of XPF into which ERCC1 Phe293 fits and two adjacent shallower pockets for ERCC1 Ile264 and Cys238.  Although our BIAcore SPR analysis indicated that the HhH2 domain interaction between ERCC1 and XPF was likely too strong to be disrupted, inhibiting de novo complex formation was more realistic. We showed interaction of four of our screened putative interaction inhibitors with XPF, albeit with disassociation constants in the µM rather than nM range. As no suitable positive control was available, the total activity of the surface could not be determined so binding affinities and stoichiometries should be regarded as estimates. The complexity in the data meant that we could not use a standard 1:1 kinetic model. Instead, data were fitted to a 1:1 Langmuir steady-state model, but saturation response levels were lower than would be expected. This could be explained simply if the specific activity of the protein is lower than expected, which is a well-accepted caveat for SPR analysis. We controlled for non-specific compound binding by subtracting compound interaction with a surface lacking protein, and having a standard known promiscuous surface, HSA (human serum albumin), immobilised to the same equivalent activity level. We compared the binding effects to HSA and to the target surface and only took forward compounds with better binding or better predicted stoichiometry to the target. We have good evidence for compounds binding to target in a saturable manner, but lack of validation of the surface hampers our ability to conclude that it is target-specific and not just protein surface-specific.
Of the four putative interaction inhibitors, only E-X PPI2 was active in the inhibition of NER assay and it also showed some enhancement of cisplatin sensitivity in A375 human melanoma cells. Encouragingly however, and albeit at high concentration, E-X PPI2 treatment of human ovarian cancer cells resulted in significantly reduced levels of ERCC1-XPF heterodimers, suggesting that it was indeed able to inhibit the de novo complex formation that is considered essential for the stability of both proteins [39]. We acknowledge that it will be extremely difficult to effectively block ERCC1-XPF activity with this protein-protein interaction inhibitor approach. Inhibitors with much higher affinities than those currently available would be needed before there could be any therapeutic benefit.
Using a molecular dynamics in silico screening approach, Jordheim et al. have also described ERCC1-XPF interaction inhibitors [26]. One compound (F06, NSC 130813) caused a modest enhancement of sensitivity to cisplatin and mitomycin C (another interstrand crosslinker) in two cancer cell lines. Data from incubating cell extracts with high concentrations of FO6 (up to 500 µM), followed by immunoprecipitation, were interpreted to indicate that the compound can disrupt the interaction between the two proteins, but insufficient controls were shown to support this conclusion. Given the reported cytotoxicity of the FO6 compound and that a search of the PubChem database [40] reported activity in 51 of 368 bioassays against a range of different targets, it seems more likely that these actions are due to non-specific inhibitory activity, rather than the action of a specific ERCC1-XPF interaction inhibitor. More encouragingly, none of the compounds we identified (shown in Supplementary Figure 7) appear as frequent hits in bioactivity screens in the PubChem database [40].
Our compounds and those identified by Jordheim et al. are targeted towards inhibiting the HhH2 domain interaction between ERCC1 and XPF. In vitro mutagenesis on human ERCC1-XPF revealed the HhH2 domain interaction to be essential, with deletion of 5 C-terminal residues being sufficient to abrogate dimerization (implicating ERCC1 Phe293 as an essential residue) [41,42]. However, the in vivo situation may be more complicated. While cells isolated from mice lacking ERCC1 are hypersensitive to UV-induced DNA damage [43], cells from mice lacking the 7 amino acids from the C-terminus of ERCC1 (including the equivalent residue to Phe293) may have some residual activity [44]. In addition, an extra protein-protein interaction between the nuclease domain of XPF and the central domain of ERCC1 has been proposed [3,15]. 
For XPF endonuclease domain inhibitors the challenge was to identify nuclease inhibitors with specificity for ERCC1-XPF. Two of the inhibitors arising from the high throughput screen, with good selectivity for ERCC1-XPF over DNaseI, and evidence of binding to target from a thermal denaturation assay, were selected for further study in cancer cells. E-X AS5 contains the N-hydroxy urea metal-binding motif found in previously described FEN1 inhibitors [38]. In its selected derivative, E-X AS5-4, a 4-fold potency gain against ERCC1-XPF coincided with 7-fold reduced activity against FEN1, suggesting that it may be possible to reverse the selectivity in favour of ERCC1-XPF inhibition. The hypothesis that these compounds are able to bind to ERCC1-XPF through interaction with a Mg2+ or Mn2+ ion at the endonuclease active site is supported by the fact that when the N-hydroxy motif is replaced by either N-H or N-methyl, thereby removing the potential for metal-binding, inhibitory activity was lost. The second compound selected, E-X AS7, displayed good selectivity against FEN1 and DNase I and also has potential to bind to the endonuclease site via a metal-based interaction through its catechol motif. However, it contains an undesirable hydrazone motif and showed relatively high toxicity in A375 cells.
Both E-X AS5-4 and E-X AS7 showed strong inhibition of NER in a UV-damaged plasmid-based transfection assay in melanoma cells and inhibition was confirmed in an independent ELISA assay for removal of UV-induced cyclobutane pyrimidine dimers. The CPD assay was also used to demonstrate that the action of the strongest active site inhibitor, E-X AS5-4, could be partially overcome by ERCC1-XPF overexpression, providing good evidence for target specificity. Further evidence for the target specificity of these two active site inhibitors was provided by their ability to increase the cisplatin sensitivity of NER-proficient human and mouse cells, while having no effect on the paired NER-deficient cell lines.
While the attractions of the clinical application of an ERCC1-XPF inhibitor to enhance the effectiveness of the major class of current cancer chemotherapeutics are obvious, there are legitimate concerns about toxicity. It might be anticipated that an ERCC1-XPF inhibitor would show dose limiting toxicity. However, it is important to consider this in the context of inhibitors against other DNA repair proteins now in successful trials, such as PARP, or which are being actively developed, such as FEN1 [33,38,45,46]. Neither ERCC1 nor XPF knockout mice are embryonic lethal [43,47]. In contrast, knockout of both PARP1 and PARP2 genes is embryonic lethal [48], as is knockout of FEN1 [49] and this has not halted the development of inhibitors.  We consider that the perceived toxicity of an ERCC1-XPF inhibitor should not constrain future development. Particularly, since recent reports suggest important additional benefits of such inhibitors: ERCC1 deficiency in combination with Olaparib enhances sensitivity to the Topoisomerase I inhibitor Camptothecin [50]; PARP inhibitors are effective against ERCC1-deficient non-small cell lung cancer cells [51]. 
In conclusion, in the most complete report on ERCC1-XPF inhibitors to date, we have used a combination of in silico and high throughput screening to identify inhibitors against the two key targets on ERCC1-XPF, the interaction domain for heterodimerization and the active site itself. Previous reports have described inhibition of the interaction between ERCC1 and XPF (however, the compounds concerned appear to be non-specific frequent hitters), or ERCC1 and XPA (unlike the ERCC1-XPF interaction, the interaction with XPA is not essential for all repair functions of ERCC1-XPF). We have identified the first active site inhibitors for ERCC1-XPF and have characterised both active site and interaction inhibitors through a fuller series of biochemical, biophysical and cancer cell-based assays than have been used previously. We have demonstrated binding to target for both interaction and active site inhibitors and shown that some of these compounds have low micromolar potency for ERCC1-XPF and display specificity in in vitro biochemical assays for ERCC1-XPF over two other endonucleases, including the related structure-specific endonuclease FEN1. Compounds from both inhibitor classes block Nucleotide Excision Repair in a novel assay that we developed to be suitable for automation and also sensitise melanoma cells to cisplatin. Furthermore, the best two active site inhibitors are also active in a second more conventional NER assay and show the specificity of action expected of bona fide ERCC1-XPF inhibitors in NER-proficient and -deficient human and mouse cells.
Supplementary data
Supplementary material related to this article can be found in the online version: Supplementary Materials and Methods, Supplementary Tables 1-3, Supplementary Figures 1-9.
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Tables

(A)ID	(B)ERCC1 IC50 (µM)	(C)DNase I IC50 (µM)	(D)FEN1  IC50 (µM)
E-X AS5	29.7	NA	0.30
E-X AS5-1	1.5	NA	0.06
E-X AS5-2	1.8	NA	0.003
E-X AS5-3	3.9	NA	0.01
E-X AS5-4	6.4	NA	2.11

Table 1. Properties of FEN1 inhibitor analogues in endonuclease assays. (A) Compound ID. (B) Compound IC50 value in ΔERCC1-ΔXPF assay. (C) IC50 value in DNase I assay. (D) IC50 value in FEN1 assay. All IC50 values are the means from two separate determinations. NA, no activity.
Figure legends
Figure 1. Expression of recombinant ERCC1-XPF proteins for structure-specific endonuclease assay. (A) Schematic showing the domain architecture and Mr of full length ERCC1 and XPF subunits, and of the expressed truncated ΔERCC1-ΔXPF protein, with the Mr of the N-terminal His tags also indicated. (B) Gel showing purified recombinant ΔERCC1-ΔXPF and ERCC1-XPF proteins.  Arrowheads indicate ERCC1 and XPF proteins. (C) Chromatograph from a Superdex-200 3.2/30 PC run showing final purity of ΔERCC1-ΔXPF complex. Elution positions of molecular weight markers are indicated. Apparent Mr of ΔERCC1-ΔXPF complex is ~57kDa. (D) Visualisation of 6-FAM-labelled reaction products for full length and ΔERCC1-ΔXPF proteins following endonuclease assay and denaturing polyacrylamide gel electrophoresis. 6-FAM-labelled oligonucleotide markers are also shown. Note that the main cleavage product for both full-length and ΔERCC1-ΔXPF is the expected 10 nt fragment.
Figure 2. In silico screening for ERCC1-XPF interaction inhibitors. (A) ERCC1-XPF HhH2 heterodimerization complex (PDB Code 2A1J), with ERCC1 on top. Also shown is the heterodimerization surface of XPF (using the Connolly surface), identifying the binding pockets for ERCC1 residues Cys238, Ile264 and Phe293. (B) Heterodimerization of recombinant ΔERCC1 and ΔXPF proteins analysed using BIAcore T200 SPR. Reference corrected single cycle kinetic titration SPR binding curves, monitored on a surface of 276 RU of covalently stabilized ΔXPF, for the indicated concentrations of ΔERCC1. The apparent on- and off-rate constants were determined by globally fitting a 1:1 kinetic binding model with mass transport considerations to the sensorgrams.  (C) Structure and binding pose of E-X PPI2 to the Phe293 and Cys238 pockets; docked affinity 52 µM, ligand efficiency 0.15.
Figure 3. Activity of ERCC1-XPF interaction inhibitor E-X PPI2 in cancer cells. (A) Inhibition of NER in the A375 human melanoma cell line. Values plotted are the mean NER activity (±SEM) from two independent experiments as a percentage of activity in control cells. IC50 20 µM. (B) Sensitisation of A375 melanoma cells to cisplatin. Standard 5-day SRB growth assay in 96-well plates showing enhanced sensitivity to cisplatin (1.3-fold) in the presence of 25 µM E-X PPI2. For each curve, growth is expressed as the percentage of the non-cisplatin-treated control. Values plotted are mean % growth (±SEM) from three independent experiments. (C) Reduction in ERCC1-XPF heterodimer levels in A2780 human ovarian cancer cells. In situ proximity ligation assay (PLA) with antibodies against ERCC1 and XPF on control A2780 cells and cells treated for 5 days with 75 µM E-X PPI2. >600 nuclei in 11 separate microscopic fields were scored for each condition and the mean number of PLA foci per nucleus (±SEM) is shown.
Figure 4. Inhibition of cyclobutane pyrimidine dimer removal by active site inhibitor E-X AS5-4 that can be partially overcome by ERCC1-XPF overexpression. (A) Human NER-proficient (A375) and -deficient (XP12RO) cells were irradiated with 15 Jm-2 UVC and the level of CPDs in genomic DNA was determined by ELISA assay 2 h after irradiation and again after 48 h to allow time for repair. During this time A375 cells were also incubated in the presence of 32 µM E-X AS5-4, 4 µM E-X AS7, or 75 µM E-X PPI2 to determine their ability to inhibit repair of CPDs. The level of CPDs in non-irradiated cells was also determined. For each condition the level of CPDs (±SEM from 3 or more independent experiments) is shown as a percentage of the level 2 h after irradiation. (B) A375 cells were UV-irradiated and treated with 32 µM E-X AS5-4 for 48 h as in panel A. In addition, separate A375 cultures were also transiently co-transfected with ERCC1- and XPF-expressing plasmids 24 h before irradiation and treatment with 32 µM E-X AS5-4 for 48 h. For each condition the level of CPDs (±SEM from 3 independent experiments) is shown as a percentage of the level 2 h after irradiation.
Figure 5. Specificity of ERCC1-XPF active site inhibitors E-X AS5-4 and E-X AS7.  Standard 5-day SRB growth assays in 96-well plates showing the effect on sensitivity to cisplatin of E-X AS5-4 and E-X AS7 in NER-proficient and -deficient human and mouse cells. For each curve, growth is expressed as the percentage of the non-cisplatin-treated control. Values plotted are mean % growth (±SEM) from two independent experiments. (A) Human NER-proficient (A375) and -deficient (XP12RO) cells in the presence and absence of 32 µM E-X AS5-4. Cisplatin IC50s: A375 control 1.04 µM, with E-X AS5-4 0.86 µM; XP12RO control 0.4 µM, with E-X AS5-4 0.39 µM. (B) Mouse ERCC1-proficient (PF20) and -deficient (PF24) cells in the presence and absence of 12 µM E-X AS5-4. Cisplatin IC50s: PF20 control 0.17 µM, with E-X AS5-4 0.1 µM; PF24 control 0.03 µM, with E-X AS5-4 0.028 µM. (C) Human NER-proficient (A375) and -deficient (XP12RO) cells in the presence and absence of 2 µM E-X AS7. Cisplatin IC50s: A375 control 1.04 µM, with E-X AS7 0.64 µM; XP12RO control 0.38 µM, with E-X AS7 0.4 µM. (C) Mouse ERCC1-proficient (PF20) and -deficient (PF24) cells in the presence and absence of 1 µM E-X AS7. Cisplatin IC50s: PF20 control 0.165 µM, with E-X AS7 0.08 µM; PF24 control 0.03 µM, with E-X AS7 0.026 µM.
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